The nucleotide sequence of a 12 kbp HindlII fragment (HindIII C) from the right end of the unique component of the genome of human herpesvirus 6 (HHV-6) (strain Ul102) was determined. The sequence has a mean G+C content of 42 % and contains approximately 28 copies of a tandemly repeated 104 to 107 bp element, which, with a single exception, contain a cleavage site for KpnI (the KpnI repeats). Each of these elements contains potential binding sites for transcription factors NF-KB and AP2. The KpnI repeats lie immediately upstream of a region previously identified as a candidate immediate early (IE) gene locus and therefore may constitute an IE gene enhancer element. One incomplete and six complete open reading frames (ORFs) were identified in the unique sequence of the HindIII C fragment. The predicted products of these ORFs do not include homologues of proteins encoded by members of the alpha-or gammaherpesvirus subfamily. However, the HindIII C fragment does contain a homologue of the US22 gene family, previously found only in the betaherpesvirus human cytomegalovirus (HCMV). These findings provide evidence that the close phylogenetic relationship between HHV-6 and HCMV is not confined to the betaherpesvirusspecific arrangement of conserved replicative and structural genes which has been demonstrated previously.
Introduction
Human herpesvirus 6 (HHV-6) was first isolated in 1986 from the peripheral blood of six patients with lymphoproliferative diseases (Salahuddin et al., 1986) and has since been recovered from immunocompromised individuals in many parts of the world (Carrigan et al., 1990; Downing et al., 1987; Lopez et al., 1988; Okuno et al., 1990; Tedder et al., 1987; Ward et al., 1989) . The virus replicates predominantly in CD4 + lymphocytes (Lusso et al., 1988; Takahashi et al., 1989) and may establish latent infection in cells of the monocyte/macrophage lineage (Kondo et al., 1991) . HHV-6 is prevalent in the healthy adult population (Briggs et al., 1988; Knowles & Gardner, 1988; Okuno et al., 1989; Saxinger et al., 1988) and can be recovered from the saliva of a high proportion of individuals (Harnett et al., 1990; Levy et al., 1990) . Infection with this virus is the cause of exanthem subitum, a common illness of infancy (Yamanishi et al., t Present address: Department of Medicine, Level 5, Addenbrooke's Hospital, Cambridge CB2 2QQ, U.K.
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0001-0843 © 1992 SGM 1988), but has not yet been clearly linked to disease in adults.
We have recently constructed a restriction endonuclease map of a Ugandan isolate of HHV-6 (strain U 1102) (Martin et al., 1991 b) . Sequencing of this genome has demonstrated that HHV-6 is closely related phylogenetically to the betaherpesvirus, human cytomegalovirus (HCMV) (Lawrence et al., 1990; Neipel et al., 1991; Teo et al., 1991; Thomson et al., 1991b) , and an alignment of these two genomes has identified a candidate immediate early (IE) gene locus in HHV-6 (Martin et al., 1991a) . IE genes are the first to be transcribed in productive infection and are essential for the coordinate expression of delayed early and late herpesvirus genes. In addition, herpesvirus IE proteins act on a range of heterologous viral and cellular promoters. Differences in host cell factors and virus cisacting regulatory elements which control IE gene expression therefore are key determinants of the biological properties of distinct herpesviruses. DNA from the region of HHV-6 identified by Martin et al. (1991a) as a candidate IE gene locus encodes a protein, or proteins, which trans-activates a range of heterologous promoters. In this paper we present the sequence of the region of HHV-6 strain U1102 that lies adjacent to this putative IE gene locus. The part of the HHV-6 genome which we describe contains a complex set of tandem repeats, each containing potential binding sites for cellular transcription factors, which have features in common with the major IE regulatory regions of other betaherpesviruses (Akrigg et al., 1985; Chang et al., 1990; Dorsch-Hasler et al., 1985; Thomsen et al., 1984) . We have also identified a homologue in HHV-6 of the US22 family of proteins previously found only in HCMV Kouzarides et al., 1988; Weston & BarreU, 1986) .
Methods
An approximately 12 kbp HindlII clone (HindIII C fragment) from the right end of the unique region of the HHV-6 U 1102 genome (in the orientation described by Martin et al., 1991 b) was chosen for nucleotide sequence analysis. The position of this fragment in a map of the genome of HHV-6 U1102 is shown in Fig. 1 , together with that of the candidate IE gene locus (Martin et al., 1991 a) .
DNA sequencing and analysis. HindllI C fragment DNA was separated from vector sequences, resolved on a 0.8% agarose gel and purified using GENECLEAN according to the manufacturer's instructions. Random, overlapping subfragments of the HindlII C fragment were prepared according to the methods described by Bankier et al. (1988) . Single-stranded DNA template was then prepared and sequenced using the dideoxynucleotide chain termination method (Sanger et al., 1977) , modified by Bankier et al. (1988) . Regions of the HindlII C fragment that were not sequenced on both strands in these initial experiments were further analysed using doublestranded sequencing methods (Sequenase version 2.0 kit, United States Biochemical, used according to the manufacturer's instructions).
Sequence data were assembled using computer programs DBAUTO (Staden, 1980) and DBUTIL (Staden, 1982) , and analysed for the presence of open reading frames (ORFs) using the program ANALYSEQ (Staden, 1986) . Predicted protein sequences were analysed for hydrophobicity and potential glycosylation sites using ANALYSEP (Staden, 1986) , and were used to search a library of herpesvirus proteins and the Protein Information Resource (PIR) library (George et al., 1986) using the FASTA program (Pearson & Lipman, 1988) . Scores were calculated from the sum of matches of identical or similar residues minus a penalty for the insertion of gaps using a K-tuple of 1 or 2. Optimized scores of more than 100 were considered significant. Plots of mean base composition (percentage of G+C residues) and deviations between observed and expected frequencies of dinucleotide pairs were calculated using the ANALYSEQ programs (Staden, 1986) .
Results
The DNA sequence of the HindlII C fragment was determined on both strands; each base was sequenced an average of six times. The sequence, numbered from positions 1 to 12051, is shown in Fig. 2 . The nucleotide composition of this region on the rightward strand is 29~ A, 29~o T, 21~ G and 21~ C; the mean G+C content is 42~. This value is similar to that for regions sequenced by Lawrence et al. (I 990) and Teo et al. (1991) , but is less than that of a 10 kbp region of the left end of the HHV-6 Ul102 genome, which has a mean G+C content of47-5~ (Efstathiou et al., 1992) . The frequency of each dinucleotide pair was consistent with the mononucleotide composition. Analysis of the distribution of restriction endonuclease cleavage sites confirmed that the map of this region presented in Martin et al. (1991b) is correct.
Repetitive sequences
The sequence shown in Fig. 2 contains a set of reiterated sequences that consists of imperfectly conserved 104 to 107 bp elements, each of which (with one exception) contains a single KpnI site. The mean G + C content of the KpnI repeats is approximately 50~o. Hybridization to partial KpnI digests of the HindlII C fragment using suitable probes indicated that this element (KpnI O) occurs 25 to 30 times (Martin et al., 1991 b) . This region was well represented in M13 clones, but the sequences of the repeats were too similar to be distinguished and ordered using the computer programs available. Therefore the sequence of each clone was printed, rigorously checked against sequencing gels, and assembled 
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Identification of ORFs
The principal criterion used to distinguish coding sequences was the presence of an ORF of at least 300 nucleotides in length. The sequence of the HindlII C fragment was screened for ORFs of greater than 300 bp using ANALYSEQ (Staden, 1986) . In addition, the nucleotide sequence was analysed for constraints likely to be imposed by coding (Staden, 1984 (Staden, , 1990 ) using the positional base preference method of Staden (1984) . ORFs which overlapped a longer frame for more than 60% of its length were omitted from further analysis. ORF sequences were then examined for the presence of splice donor and acceptor sequences (Staden, 1984) , and potential translation start sites. Six complete and one incomplete ORF were identified and are shown in Fig. 4 . ORFs were named according to the orientation of the coding strand (R, rightward; L, leftward) and their order on this strand in the 5' to 3' direction. Names are prefixed HC to indicate that the sequence has been derived from the HindlII C fragment. Many potential splice donor and (Kozak, 1984) ] all indicated that these frames are coding. The sequences of predicted proteins are shown in Fig. 2 and their location and potential translation start sites are indicated in Table 1 . In each case the first in-frame ATG is in a context which conforms to the Kozak consensus sequence (Kozak, 1984) with the following exceptions: (i) the first methionines in the ORF designated HCLF4 are encoded by two adjacent ATG codons, of which the second conforms to the Kozak consensus sequence; (ii) HCLF3 does not contain a 'Kozak' ATG and the predicted sequence of the ORF is shown in full; (iii) the first ATG in HCRF2 encodes the first amino acid and does not occur within a Kozak consensus sequence. The KpnI repeat sequences contained potentially coding ORFs of greater than 300 bp in length and were rich in possible splice donor/acceptor sites. However, these ORFs are composed of multimers of the 104 to 107 bp elements and their significance is difficult to determine. Tandem repeat elements in herpesvirus genomes may be abundantly transcribed (Jeang & Hayward, 1983; Laux et al., 1985) and the KpnI repeats may encode protein. However, we have elected not to predict the sequence of potential polypeptides in the absence of transcript mapping.
Transcriptional regulatory sequences
The nucleotide sequence shown in Fig. 2 lies upstream of the candidate IE gene locus identified by Martin et al. (1991a) , and, if this allocation is correct, would be Response element* Sequence
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* GRE, Glucocorticoid receptor response element; ERE, oestrogen receptor response element; TRE, thyroid hormone receptor response element (Beato, 1989) . expected to contain regulatory elements. Therefore the sequence was analysed for the presence of consensus TATA box elements (Corden et al., 1980) , for potential binding sites for transcription factors including AP1, AP2, NF1, NF-~B and Spl, and for cAMP response elements, serum response elements (SREs) and CCAAT boxes (Jones et al., 1988; Mitchell & Tjian, 1989) . Although such searches are of limited value in the identification of sequences which regulate transcription, the occurrence of a clustering of transcription factorbinding sites would be characteristic of a betaherpesvirus IE regulatory region (Akrigg et aL, 1985; Chang et al., 1990; Dorsch-Hasler et al., 1985; Thomsen et al., 1984) .
Proximal promoter elements that could be used in directing the transcription of identified ORFs are shown in Table 2 . In addition, the unique sequence contained an AP1 site (TGACTCA) centred on nucleotide 1783. However, the KpnI repeats were rich in potential transcription factor-binding elements. All but two contained a match of nine of 10 nucleotides [(G)GGGT-CTTTCC] of the sequence recognized by the NF-xB family of transcription factors [(A/G)GGGRATYYCC, in which the 5' nucleotide is in parenthesis (Lenardo & Baltimore, 1989) ]. The remaining two repeats had either an A residue at position 2 or a G residue at position 5. The ability of the HHV-6 sequences to bind NF-rB has not yet been tested. Seventeen KpnI repeat units contained a perfect consensus AP2-binding site TGCCCAGGCG (Imagawa et al., 1987) ; 11 repeats had sequences that differed from the recognized consensus sequence at one position: 10 had an A residue at position 4 and one had an A residue at position 2. In addition to potential binding sites for these well studied factors, the KpnI repeats contain two other cis-acting elements of possible functional significance. First, the majority of the repeats contains a TTATTTTTA motif, shown to act as a transcriptional silencer in the promoter of the BZLF1 trans-activator in Epstein-Barr virus and in the regulatory regions of two mammalian genes (Flemington & Speck, 1990) . Second, the repeat contains sequences related to binding sites for the steroid hormone receptor family (Beato, 1989) (Table 3 ). It is notable that the two regions of imperfect dyad symmetry in HHV-6 are separated by four, rather than three, nucleotides. Introduction of an additional nucleotide between the regions of dyad symmetry in a thyroid hormone response element has been shown to convert a positive response element into a repressor (Glass et al., 1988) . The position of cis-acting elements in the sequence of a KpnI repeat unit is illustrated in Fig. 3 .
Polyadenylation/cleavage sites
The sequence of the HindIII C fragment is A/T rich and therefore contains many potential polyadenylation signals. The sequence was searched for consensus AATAAA or ATTAAA signals which had, in addition, an adjacent G/T-rich tract that may be involved in transcript cleavage (Birnstiel et al., 1985; McLauchlan et al., 1985) . These signals are indicated in Table 4 . The signals at positions 10500 and 10751 of the positive strand overlap, by two and three bases respectively, with potential polyadenylation sequences at positions 10501 and 10753 on the opposite strand.
Analysis of predicted proteins
The amino acid sequences encoded by the six complete and one incomplete ORF identified in unique sequences were screened against a library of herpesvirus proteins (Baer et al., 1984; Chee et al., 1990; Davison & Scott, 1986; McGeoch et al., 1986 McGeoch et al., , 1988 and used to search the PIR library (George et al., 1986) using the FASTA program (Pearson & Lipman, 1988) .
The product of the ORF designated HCLF2, which was found to be homologous (FASTA score of 619) to the Rep 68/78 protein of the human helper-dependent parvovirus, adeno-associated virus type 2, has been described previously (Thomson et al., 1991a) . The product of HCRF2 is homologous to three related HCMV proteins, US22 (optimized FASTA score of 131 at a K-tuple of 1), US23 (optimized FASTA score of 124 at a K-tuple of 1) and UL28 (optimized FASTA score of 106 at a K-tuple of 2) All are members of the US22 gene family previously found only in HCMV Kouzarides et al., 1988; Weston & Barrell, 1986) No other homologies were identified and no ORFs were homologous to each other. Proteins attributed to the US22 family are found in the unique long (UL), unique short (Us) and short repeat regions of the HCMV genome Kouzarides et al., 1988; Weston & Barrell, 1986) . Homologues of this family have also recently been identified at the left end of the genome of HHV-6 U1102 (Efstathiou et al., 1992) . Members of the US22 family in HCMV contain at least one of three motifs Kouzarides et al., 1988) . The first of these (OOCCXXXLXXOG, where O is any hydrophobic residue and X is any residue) is conserved in all family members from the Us component of the HCMV genome, and in HCMV UL23, UL24 and UL36 from UL. A degenerate form of this motif lacking both cysteines occurs in HCMV UL28 and UL29. HCRF2 contains three variants of this sequence, including two which lack at least one conserved cysteine An alignment of this motif in HCRF2 with those of the other US22 family members is shown in Fig 5. The remaining two motifs found in the US22 proteins consist largely of hydrophobic residues, one of which contains a region present only in family members encoded by the Us region of the HCMV genome; this region is not present in HCRF2 Furthermore, HCRF2 contains a sequence (NXXOXOXWP) that closely resembles the GXXXOXOXWP core motif recognized in the US22 family members found in the UL region of HCMV (Efstathiou et al., 1992) The products of ORFs HCRF3 and HCLF1, which were not homologous to either other herpesvirus proteins or proteins in the PIR database (George et al., 1986) , (Birnstiel et al., 1985; McLauchlan et al., 1985) , are underlined. Kouzarides et al., 1988; Weston & Barrell, 1986) . The first of these (a) (OOCCXXXLXXOG) is conserved in all family members encoded by the Us component of the HCMV genome and in HCMV UL23, UL24 and UL36. HCRF3 contains a close match to this consensus, in addition to related sequences which lack at least one conserved C residue and resemble the redundant form of the motif found in HCMV UL28 and UL29. The second conserved region (b) contains a NXXOXOXWP motif that closely resembles the GXXOXOWP motif recognized in US22 family members encoded by the UL component of HCMV (Efstathiou et at., 1992) .
were searched for regions of secondary structure or for amino acid motifs characteristic of different functional classes of proteins. HCRF3 contains a short stretch of hydrophobic residues (residues 58 to 70), but does not contain potential glycosylation sites typical of the low Mr hydrophobic proteins found at the right end of the UL region of HCMV . No other features of note were detected in the ORFs shown in Fig. 4 .
Discussion
The region of the right end of the HHV-6 U1102 genome which has been sequenced does not contain homologues of proteins encoded by alpha-or gammaherpesviruses, but does encode a homologue of the US22 family of proteins found in HCMV Kouzarides et al., 1988; Weston & Barrell, 1986) . Members of this gene family have also recently been identified at the left end of the HHV-6 UI102 genome (Efstathiou et al., 1992) . In particular, the sequence which we present lies adjacent to a region previously identified as a candidate IE gene locus (Martin et al., 1991a) , and contains tandemly repeated elements which may constitute an IE gene enhancer. The major IE genes in betaherpesviruses are regulated by at least two functionally distinct domains. The first contains multiple copies of transcription factor-binding sites within sets of reiterated sequences (Akrigg et al., 1985; Chang et al., 1990; Dorsch-Hasler et al., 1985; Thomsen et al., 1984) and constitutively activates transcription in a position-and orientation-independent manner (Boshart et al., 1985; Stinski & Roehr, 1985) . The second, which regulates transcription in a cellspecific manner (Nelson & Groudine, 1986; Nelson et al., 1987; Lubon et al., 1989) , is not associated with characteristic primary structure. The specific organization of constitutive enhancer regions in distinct betaherpesviruses has diverged, but the clustering of transcription factor-binding sites within the KpnI repeat units in HHV-6 is consistent with the structure of an IE constitutive enhancer element. The region that we have identified previously as a candidate IE gene locus (Martin et al., 1991a) overlaps ORFs HCLF4 and HCLF3 in the HindlII C fragment and is the only part of the HHV-6 genome shown to be deficient in CpG dinucleotides, a feature conserved in the major IE genes of the betaherpesviruses (Honess et al., 1989) . A protein, or proteins, encoded by DNA containing the putative IE locus trans-activates a number of heterologous promoters in cotransfection experiments (Martin et al., 1991a) . Furthermore, this locus occurs in precisely the part of the HHV-6 genome predicted by an alignment with the genome of HCMV to contain the major IE genes (Martin et al., 1991a; Thomson et al., 1991b) . Taken together, these observations strongly suggest that the locus identified by Martin et al. (1991 a) contains IE genes and that the KpnI repeats therefore may constitute an IE enhancer element.
Analysis of cis-acting elements within the KpnI repeats suggests a capacity to regulate transcription in response to some of the same factors as other betaherpesviruses. The enhancer regions of the major IE genes in HCMV and simian cytomegalovirus contain functional recognition sites for cyclic AMP and NF-xB (Fickenscher et al., 1989; Hunninghake et al., 1989; Chang et al., 1990) , in addition to canonical SREs and NFl-binding sites (Jeang et al., 1987) . The KpnI repeats in HHV-6 contain potential binding sites for NF-xB and AP2, which is capable of mediating transcription activation in response to elevated levels of cyclic AMP (Imagawa et al., 1987) . In addition, a single AP1 site is present in a corresponding position in both HHV-6 and HCMV (Akrigg et al., 1985; Thomsen et al., 1984) . The KpnI repeats do not contain other binding elements recognized in betaherpesvirus IE regulatory regions. However, most of these repeats do contain sequences related to recognition elements for steroid hormone receptors (Beato, 1989 ., 1988) . It has been established that the arrangement of relatively conserved replicative and structural genes in the unique region of the genome of HHV-6 is collinear with that of the UL component of HCMV (Lawrence et al., 1990; Neipel et al., 1991; Teo et al., 1991; Thomson et al., 1991b) . The finding that members of the US22 gene family lie close to the terminal repeats of both HHV-6 and HCMV indicates that the phylogenetic relationship between these two viruses is not confined to the betaherpesvirus-specific arrangement of conserved genes.
